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In cells, lipid compositions differ between different membranes, and between the two leaflets of the same membrane [1] [2] [3] . Changes in lipid composition affect fundamental processes, including membrane biogenesis, membrane trafficking, signalling and apoptosis 4 . The trans-bilayer movement of most lipids is energetically unfavourable and often requires facilitation by specific flippases [5] [6] [7] . The mechanisms used by flippases have remained elusive.
The bacterial ATP-binding cassette (ABC) transporter MsbA flips lipopolysaccharide (LPS) 8 , a glycolipid composed of a lipid A moiety, core oligosaccharide and a long-chain O-antigenic polysaccharide 9 (Extended Data Fig. 1a, b) . Lipid A is the conserved portion of LPS and is responsible for inducing a potent innate immune response during bacterial infection 10 . In Gram-negative bacteria, LPS is the major component of the outer leaflet of the outer membrane, and plays a key role in constructing a proper envelope necessary for bacteria to survive in harsh environments 9, 11 . The LPS biosynthesis and transport pathway is an attractive target for developing novel antibiotics 12, 13 . In Escherichia coli, rough LPS, consisting of lipid A, inner and outer core glycosylation, is synthesized in the inner leaflet of the inner membrane, flipped by MsbA, further modified and then transported to the outer membrane (Extended Data Fig. 1c) .
MsbA functions as a homodimer, with each subunit containing one transmembrane domain (TMD) and one nucleotide-binding domain (NBD). The two TMDs form the LPS translocation pathway, and the two NBDs bind and hydrolyze ATP. Previous studies suggested an alternating-access model, with MsbA alternating between an inward (cytoplasm)-facing conformation and an outward (periplasm)-facing conformation [14] [15] [16] . However, the mechanisms underlying MsbAmediated LPS transport remain under debate. Many ABC family members translocate lipids or lipid-related compounds, including 20 of the 48 human ABC transporters 17 . Despite the growing number of ABC transporter structures determined by crystallography 18, 19 and cryo-electron microscopy (cryo-EM) [20] [21] [22] [23] [24] [25] , none of these structures revealed a lipid substrate.
We reconstituted MsbA into lipid nanodiscs 26 and determined the cryo-EM structure of nucleotide-free MsbA to 4.2 Å resolution for the TMDs. The structure demonstrates that LPS binds deep inside MsbA through extensive hydrophilic and hydrophobic interactions, and reaches the level of the target leaflet without flipping. With two additional structures of nucleotide-bound MsbA, our findings reveal the structural rearrangements that facilitate LPS translocation.
General architecture of MsbA in lipid bilayers
We purified E. coli MsbA in dodecyl maltoside (DDM) and reconstituted it into lipid nanodiscs (Extended Data Fig. 2a ). MsbA in nanodiscs with E. coli polar lipids, palmitoyl oleoyl phosphatidylglycerol (POPG) or palmitoyl oleoyl phosphatidylcholine (POPC) displayed substantially higher ATPase activity than MsbA in DDM (Extended Data Fig. 2b , c), consistent with previous studies [27] [28] [29] . Nanodiscembedded MsbA is thus capable of undergoing the large conformational changes required for ATP hydrolysis.
Negative-stain EM analysis of MsbA in DDM revealed a wide range of distances between the two NBDs (Extended Data Fig. 3a) , reminiscent of the two different inward-facing conformations seen in the crystal structures of MsbA in detergent 14 . By contrast, negative-stain EM and cryo-EM images of MsbA in E. coli polar lipids or POPG nanodiscs showed one predominant conformation, with the two TMDs extending parallel from the membrane and the two NBDs in close proximity to each other (Extended Data Fig. 3b-e ). This conformation did not change when the nanodisc diameter was increased from approximately 100 Å to around 130 Å by using a longer membrane scaffold protein (MSP) (Extended Data Fig. 3f ), suggesting that the nanodisc did not constrain the MsbA conformation. The inward-facing conformation, as observed in our EM analysis, probably represents the nucleotide-free state of MsbA in a native lipid membrane. images for the final 3D refinement (Extended Data Fig. 4a ). The resolution of the final map is 4.7 Å for the entire MsbA molecule, and 4.2 Å for the TMDs (Fig. 1b and Extended Data Fig. 5b, c) . The lower resolution of the NBDs is probably due to their greater mobility. All transmembrane (TM) helices and connecting loops in the TMDs and most secondary structural elements in the NBDs are well resolved, and side-chain densities are visible for many residues in the TMDs (Extended Data Fig. 5e ). Using this map, we built an atomic model of MsbA, and kept the side chains of approximately 100 residues in each TMD that showed well-defined EM densities (Extended Data Table 1 ). The structure shows that the TMDs are formed by TM1, TM2, TM3 and TM6 from one subunit and TM4 and TM5 from the other subunit (Fig. 2a) . The nanodisc density indicates that the membrane-embedded region ranges from the small periplasmic loops to the elbow helices on the cytoplasmic side (Extended Data Fig. 6a ).
An LPS molecule inside the TMDs of MsbA
A robust palm-shaped density between the two TMDs was clearly resolved, and its size and shape are consistent with an LPS (Fig. 1b) . The strongest parts of this LPS density correspond to the two glucosamines, each of which carries one phosphate group (1-PO 4 and 4′ -PO 4 ), and the inner core, which contains multiple phosphorylations 30 (Extended Data Fig. 6c ). The negative charge in these areas probably causes strong electron scattering, generating densities readily seen in slices parallel to the membrane plane through the 3D reconstruction (Fig. 1c) . The density representing the 1-PO 4 and 4′ -PO 4 groups and the LPS orientation parallel to the membrane plane could be unambiguously assigned based on the clear density connecting the inner core to the 5′ position of the glucosamine backbone (Fig. 2b) . The outer core is not seen in the final map, but visible in the reconstruction of one 3D class (Extended Data Fig. 4b , left panel), demonstrating how MsbA can accommodate an entire rough LPS without drastically opening its TMDs.
The LPS molecule in our structure probably co-purified with MsbA, because LPS was detected in purified MsbA in DDM by mass spectrometry (Extended Data Fig. 2g-i) , and similar LPS densities were observed in cryo-EM maps of MsbA in pure POPG or POPC nanodiscs (Extended Data Fig. 7 ). This is consistent with a previous finding that LPS co-purifies with MsbA when E. coli membranes are solubilized in DDM for only 1 h (ref. 31), similar to our methods. To confirm the identity of the assigned LPS density, we purified MsbA from a genetically modified E. coli strain, ClearColi, which only produces lipid IV A , a precursor of LPS with four acyl chains and no glycosylation. MsbA purified from ClearColi was reconstituted into nanodiscs using POPG supplemented with lipid A, and while the resulting cryo-EM map showed strong densities for the glucosamines, density for the inner core was completely absent (Extended Data Fig. 7c, middle panel) . This proves that the strong densities inside the TMDs are generated by LPS.
Structural basis of MsbA-mediated LPS translocation
Our cryo-EM structures revealed that the bound LPS has its acyl chains reaching the level of periplasmic leaflet (Fig. 1b) , and has almost completed its trans-bilayer movement, albeit without flipping.
Side-chain densities are visible for several residues surrounding the glucosamines, including Arg78 (TM2), Arg148 (TM3), Gln256 (TM5), and Arg296 and Lys299 (TM6) (Fig. 2c, Extended Data  Fig. 5e ). These residues form a ring of hydrophilic interactions with 1-PO 4 and 4′ -PO 4 , the glucosamines, and the ester and amide groups connecting the acyl chains. Since Arg78, Arg148 and Lys299 are highly conserved (Extended Data Fig. 5f ), we tested their potential importance for LPS binding. Mass spectrometry analysis of purified wild-type MsbA identified co-purifying LPS, which was not detected for the purified R78A;R148A;K299A mutant (Extended Data Fig. 2j ), indicating that mutation of these residues compromises LPS binding. We also compared LPS-dependent stimulation of ATPase activity of MsbA in proteoliposomes 27 . While wild-type MsbA showed around a 2.5-fold stimulation by Kdo 2 -lipid A (where Kdo 2 is 3-deoxy-dmanno-oct-2-ulosonic acid; Extended Data Fig. 2f ), mutation of the three residues to alanine abolished stimulation (Fig. 2d) . The LPS-interacting residues surrounding the glucosamines fall into two groups, each forming a cluster of positive charges that interacts with 1-PO 4 or 4′ -PO 4 . Each group of residues is localized within one TMD, except for Arg296 and Lys299 on the same TM6 but interacting with different phosphate groups (Extended Data Fig. 8h , left panel). Thus, bound LPS bridges the two TMDs, probably restricting the TMD opening and stabilizing a more closed, inward-facing conformation.
The ring of hydrophilic interactions surrounding the glucosamines divides the inner space of MsbA into a hydrophobic pocket and a hydrophilic cavity (Fig. 3) . The hydrophobic pocket accommodates the acyl chains of LPS. Although the distal parts of the acyl chains were not well resolved, the R2 and R3 acyl chains show more complete densities. On the periplasmic side, the ends of TM1 and TM6 come together to seal the hydrophobic pocket, separating the hydrophobic acyl chains of LPS from the hydrophilic periplasm (Extended Data Fig. 6b , bottom panel). Opposite of the hydrophobic pocket, the hydrophilic cavity, where the inner core is located, is exposed to the cytoplasm. The less well-defined EM density for the inner core suggests few, if any, stabilizing interactions between the core oligosaccharide and MsbA (Extended Data Fig. 6c ). The positively charged clusters that interact with the phosphorylated glucosamines and the large hydrophobic pocket that accommodates the acyl chains are reminiscent of similar features seen in the structure of the TLR4-MD-2-LPS complex 32 . It is conceivable that these features contribute to the affinity and specificity of LPS binding. 
Structural plasticity of inward-facing MsbA
Our cryo-EM structure of MsbA in nanodiscs differs from the crystal structure of E. coli MsbA in detergent 14 (Extended Data Fig. 6d ). It appears more similar to the crystal structure of Vibrio cholerae MsbA 14 , in which the NBDs are positioned closer together (Extended Data Fig. 6e ), but important differences exist. In ABC transporters, the Walker A motif and the signature motif (or LSGGQ motif) from opposing NBDs have to come together to sandwich and hydrolyze ATP 33 . The two NBDs in our structure are arranged in an almost perfectly antiparallel head-to-tail fashion, positioning the Walker A and signature motifs to face each other at a distance of 20 Å (Extended Data Fig. 6f ). This distance is almost twice as long in the crystal structure of Vibrio cholerae MsbA, owing to a movement of the two NBDs and their interacting TM4 and TM5 helices in opposite directions. Thus, the MsbA conformation in our structure appears more primed for ATP binding. Indeed, the ATPase activity of MsbA in nanodiscs is substantially higher than that of MsbA in DDM (Extended Data Fig. 2b ).
MsbA has been studied by various spectroscopic techniques 15, [34] [35] [36] [37] [38] [39] , providing inconsistent results for the degree of TMD opening in the inward-facing conformation. 3D classification of our cryo-EM particle images identified one class representing a more open conformation (Extended Data Fig. 4c ), caused by the same movement observed in the crystal structure (Extended Data Fig. 6e ), albeit to a lesser extent. The resulting opening between TM4 and TM6 probably allows LPS to enter the inner cavity of MsbA (Extended Data Fig. 6a ).
Structures of MsbA in different nucleotide states
The transition state after ATP hydrolysis but before γ -phosphate release can be mimicked by using orthovanadate to trap the Mg 2+ -ADP-vanadate complex in the catalytic sites. The crystal structures of MsbA and other ABC transporters with ADP-vanadate show an outward-facing conformation with tightly dimerized NBDs 14, 40, 41 . We analysed nanodisc-embedded MsbA in the presence of 1 mM vanadate, a concentration sufficient to block the ATPase activity of MsbA by more than 90% (Extended Data Fig. 2e ). Classification of the cryo-EM particle images demonstrated that most NBDs are closely associated (Extended Data Fig. 8a-c) . The two best 3D classes were independently refined to 8 Å and 4.8 Å resolution (Extended Data Fig. 8c-e) . Despite different nanodisc sizes, both cryo-EM maps show tightly packed TM helices at the centre of the nanodiscs. The cryo-EM structure at 4.8 Å resolution resolved all TM helices, which are oriented perpendicular to the membrane plane (Fig. 4) . The LPS-binding site seen in our nucleotide-free MsbA structure is completely blocked by the two TM6 helices that move towards the centre. Thus, this cryo-EM structure with vanadate represents an unprecedented closed conformation of MsbA, and presumably a functional state occurring after LPS has flipped and dissociated from MsbA.
Our structure resembles the occluded conformations seen in crystal structures of other ABC transporters such as McjD 41 and PCAT1
42
. The most notable difference lies in the conformation of TM3 and TM6, which bend towards the centre of the TMDs in our MsbA structure and eliminate the central cavity seen in the McjD structure (Extended Data Fig. 8g ). By contrast, the crystal structures of MsbA with ADPvanadate or 5′ -adenylyl-β -γ -imidodiphosphate (AMPPNP) exhibit an outward-facing open conformation 14 , with the TM helices tilting away from the centre of the dimer. Distinct from MsbA in the inward-facing conformation, each TMD in the outward-facing conformation consists of TM3, TM4, TM5 and TM6 from one MsbA subunit and TM1 and TM2 from the other subunit (Extended Data Fig. 8h, right panel) . This reorganization of the TM helices, if it occurs in lipid bilayers, probably promotes the flipping of bound LPS, by generating a crevice between TM1 and TM3, breaking the positively charged clusters surrounding the glucosamines of LPS, and opening up the hydrophobic pocket to expose the acyl chains of LPS to the hydrophilic periplasm. However, the potential outward-facing conformation and the degree of TMD opening during LPS release remain to be defined. A molecular dynamics simulation study on McjD suggests that a relatively small opening suffices for the release of a 21-residue peptide 43 . Since the structure of MsbA in the ADP state has not yet been determined, we exposed nanodisc-embedded MsbA to 5 mM ADP, which is around tenfold the K i of 0.54 ± 0.05 mM (Extended Data  Fig. 2d ). Cryo-EM analysis showed that MsbA with ADP adopts predominantly an inward-facing conformation (Extended Data Fig. 9a-c 47 studies, all demonstrating that ADP cannot induce closure of the NBDs. The final map at 6.9 Å resolution resolved all TM helices, and can be superimposed on our atomic model of nucleotide-free MsbA (Extended Data Fig. 9d-g ). A robust density representing LPS was resolved in the inner cavity of MsbA (Extended Data Fig. 9g ), indicating that, after ATP hydrolysis and γ -phosphate release, MsbA resets to its inward-facing conformation, captures a new LPS, and is ready for the next transport cycle.
Mechanism of MsbA-mediated LPS flipping
We propose a 'trap and flip' model for MsbA-mediated LPS transport in six steps ( Fig. 5 and Supplementary Video 1). Our cryo-EM structures of nucleotide-free and ADP-bound MsbA represent step 2, and that of vanadate-trapped MsbA represents step 5.
Step 4 may resemble the crystal structures of MsbA with AMPPNP or ADP-vanadate 14 . These steps are grouped into three nucleotide states:
(1) ADP or nucleotide-free state. MsbA in the inward-facing conformation opens TMDs to allow LPS entry (step 1). Stably bound LPS restricts TMD opening and aligns NBDs for ATP binding (step 2).
(2) ATP state. Conformational changes in MsbA abolish LPS binding (step 3) and facilitate the acyl chains to enter the periplasmic leaflet (step 4). MsbA rearrangement and LPS translocation occur as a concerted process, leading to ATP hydrolysis.
(3) ATP transition state. All TM helices form a compact bundle after LPS release (step 5). Upon γ -phosphate release, MsbA returns to the inward-facing conformation (step 6).
This model is distinct from the mechanism proposed for PglK, in which only the outward-facing conformations are relevant for substrate transport 48 . Our model also differs from the 'credit card model' proposed for P4-ATPase flippases 6 and the TMEM16 scramblase 49 , in which the hydrophobic acyl chains stay in the membrane during flipping. Further studies of different types of flippases in complex with their lipid substrates are essential to establish whether a universal flipping mechanism exists.
Online Content Methods, along with any additional Extended Data display items and Source Data, are available in the online version of the paper; references unique to these sections appear only in the online paper. Supplementary Information is available in the online version of the paper.
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MsbA expression and purification. N-terminally His-tagged MsbA in pET-19b vector was transformed into E. coli strain BL21 Star (DE3) pLysS. Cells were grown at 37 °C in lysogeny broth (LB) medium with 100 μ g ml −1 ampicillin and 30 μ g ml
chloramphenicol. After induction of protein expression with 0.5 mM isopropyl β -d-1-thiogalactopyranoside (IPTG), cells were grown for another 3 h, harvested by centrifugation, and stored at − 80 °C. Frozen cell pellets were resuspended in buffer containing 50 mM Tris, pH 7.8, 300 mM NaCl and 10% (v/v) glycerol and broken using a high-pressure microfluidizer (Emulsiflex-C5, Avestin). Cell membranes were isolated by centrifugation at 100,000g for 1 h at 4 °C and solubilized with 1% (w/v) n-dodecyl-β -d-maltopyranoside (DDM, Anatrace) for 1-2 h at 4 °C. MsbA was purified by TALON metal affinity resin (Clontech) followed by size-exclusion chromatography on a Superdex 200 column in buffer containing 25 mM Tris, pH 7.8, 150 mM NaCl, 1 mM Tris(2-carboxyethyl)phosphine (TCEP), 5% glycerol and 1 mM DDM. The purity of MsbA was judged by SDS-PAGE, and purified MsbA was concentrated to 10-15 mg ml −1 and stored at − 80 °C. The expression of MsbA in ClearColi BL21(DE3) cells (Lucigen) and subsequent purification of the protein were essentially the same as described above, except that cell membranes were solubilized with 1% DDM overnight at 4 °C. Mass spectrometry. Measurements were carried out with 50-μ l aliquots of purified MsbA (12 μ g μ l −1 , 9 nmol) in 25 mM Tris, pH 7.8, 150 mM NaCl, 1 mM TCEP, 5% glycerol, 1 mM DDM and, for comparison, with buffer alone and Kdo 2 -Lipid A (0.4 nmol) in the same buffer. The lipids in these samples were purified by acid hydrolysis and Bligh-Dyer isolation. To cleave the glycosidic linkage between the Kdo and lipid A in LPS, the samples were resuspended in 180 μ l of 12.5 mM sodium acetate, pH 4.5, and heated at 100 °C for 60 min. After being cooled to room temperature, the suspension was converted into a two-phase Bligh-Dyer system by addition of 200 μ l chloroform and 200 μ l methanol. After mixing thoroughly and centrifugation at 3,000g for 5 min, the lower phase was pooled and dried under a stream of nitrogen. The dried lipids were solubilized in 20 μ l chloroform/ methanol (2:1, v/v), and 1 μ l of solubilized lipids was spotted onto the matrix-assisted laser desorption/ionization (MALDI) sample plate, followed by spotting with 1 μ l of 20 mg ml −1 norharmane MALDI matrix (Sigma-Aldrich) dissolved in chloroform/ methanol (2:1, v/v). MALDI-TOF (time-of-flight) and MALDI-TOF/TOF spectra were acquired using a Bruker Autoflex Speed mass spectrometer (Bruker Daltonics) in the negative ion mode. Each spectrum was acquired by an average of 5,000 shots at 75% laser power using a reflectron mode. For tandem MS analysis, a collision induced dissociation (CID) and a LIFT mode were used. The collision cell is located after the MALDI ion source. All ions generated at the source collide with added air (80% N 2 and 20% O 2 ) during a passage through the collision cell. The LIFT device that raises the potential energy of the precursor and fragment ions is located between the collision cell and the reflectron. For all experiments using the LIFT mode, the ion acceleration voltage was set at 6.0 kV and the precursor ion selection mass window was set at 15 Da. Precursor and fragment ions after passing the collision cell were re-accelerated with an additional 19.0 kV in the LIFT cell, and the resulting ions were detected in the reflectron mode. The reflector voltage was set at 27.0 kV. Spectra were acquired using a laser frequency of 1,000 Hz over a defined mass range (m/z 50-2,000). Reconstitution of MsbA into nanodiscs and proteoliposomes. E. coli polar lipid extract, 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoglycerol (POPG) or 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) (Avanti Polar Lipids) was solubilized in chloroform, dried under argon gas to form a lipid film, and stored under vacuum overnight. The lipid film was resuspended at a concentration of 25 mM in buffer containing 20 mM Tris, pH 7.5, 100 mM NaCl and 100 mM sodium cholate. MsbA, the MSP1D1 membrane scaffold protein and lipids were mixed at a molar ratio of 1:1.2:40 in buffer containing 20 mM Tris, pH 7.5, 100 mM NaCl and 20 mM sodium cholate and incubated for 2 h at 4 °C. For reconstitution into larger nanodiscs, the MSP1E3D1 membrane scaffold protein and lipids were mixed at a molar ratio of 1:120. Detergents were removed by incubation with 60 mg Bio-Beads SM2 (Bio-Rad) overnight at 4 °C. Nanodisc-embedded MsbA was purified using a Superdex 200 column in a buffer containing 20 mM Tris, pH 7.5, and 100 mM NaCl. For reconstitution of MsbA into nanodiscs with POPG and lipid A, MsbA purified from ClearColi was first incubated with lipid A (Sigma) at a molar ratio of 2:1 on ice for 1 h, then reconstituted into POPG nanodiscs as described above. Reconstitution of MsbA into proteoliposomes was modified from a previously described procedure 27 . An E. coli polar lipid film was resuspended at 4 mg ml −1 in 25 mM HEPES, pH 7.5, and 100 mM NaCl, subjected to two freeze-thaw cycles, and then passed through a polycarbonate membrane with 0.2 μ m pore size to generate liposomes. Liposomes were destabilized by adding 1 μ mol DDM per mg lipid, followed by incubation with MsbA at a ratio of 100:1 (w/w) for 30 min at room temperature. To remove the DDM and to incorporate MsbA into the liposomes, the solution was incubated three times for 2 h with 80 mg Bio-Beads. After a final overnight incubation with Bio-Beads, proteoliposomes were collected by centrifugation for 30 min at 52,000 r.p.m. in a TLA-55 rotor, and resuspended at 0.4 mg ml −1 in 25 mM HEPES, pH 7.5, and 100 mM NaCl. ATPase assay. All ATPase activity assays, including inhibition by ADP or vanadate, and stimulation by LPS, were modified from a previously described procedure 27 . One microgram of purified MsbA in detergent or 0.2 μ g MsbA in lipid nanodiscs was incubated with 50 μ l reaction solution containing 50 mM HEPES, pH 7.5, 10% glycerol, 100 mM NaCl, 2 mM ATP and 4 mM MgCl 2 for 30 min at 37 °C. The reaction was stopped by adding 50 μ l 12% (w/v) SDS. 100 μ l solution containing equal volumes of 12% (w/v) ascorbic acid in 1 M HCl and 2% (w/v) ammonium molybdate in 1 M HCl was added and incubated for 5 min at room temperature. Addition of 150 μ l solution containing 25 mM sodium citrate, 2% (w/v) sodium metaarsenite and 2% (v/v) acetic acid was followed by incubation for 20 min at room temperature. Absorbance at 850 nm was measured using a SpectraMax M5 spectrophotometer (Molecular Devices), and potassium phosphate in a concentration range from 0.05 mM to 0.6 mM was used as standard for determining the concentration of released phosphate. ADP inhibition assays were carried out in the presence of 0.5 mM ATP, with the ADP concentration varying from 0 to 2 mM. Vanadate inhibition assays were carried out in the presence of 2 mM ATP and 4 mM MgCl 2 . For the substrate-stimulated ATPase activity assay shown in Fig. 2d , Kdo 2 -lipid A (Avanti Polar Lipids) in 25 mM HEPES, pH 7.5, 100 mM NaCl was vortexed and sonicated until the solution was transparent. Wild-type and mutant MsbA expressed in E. coli strain BL21 Star (DE3) pLysS were solubilized with 2% (w/v) LDAO for 1 h, and then purified in DDM as described above. The purified MsbA was reconstituted into proteoliposomes with E. coli polar lipids, and incubated with 100 μ M Kdo 2 -lipid A for 1-2 h on ice before performing the ATPase assay. The same assay was also carried out with wild-type MsbA purified from E. coli strain BL21 Star (DE3) pLysS after solubilization with DDM for 1 h, and purified from ClearColi cells after solubilization with DDM overnight (Extended Data Fig. 2f ). Electron microscopy data acquisition. EM data were acquired as previously described 50 . Negatively stained specimens were prepared following an established protocol with minor modifications 51 . Specifically, 2.5 μ l of purified MsbA was applied to glow-discharged copper EM grids covered with a thin layer of continuous carbon film, and the grids were stained with 2% (w/v) uranyl formate. These grids were imaged on a Tecnai T12 electron microscope (FEI) operated at 120 kV at a nominal magnification of 67,000× using a 4k × 4k CCD camera (UltraScan 4000, Gatan), corresponding to a calibrated pixel size of 1.68 Å on the specimen level.
For cryo-EM, 2.5 μ l of purified nanodisc-embedded MsbA at a concentration of 0.8 to 1 mg ml −1 were applied to a glow-discharged Quantifoil holey carbon grid (1.2/1.3, 400 mesh). Grids were blotted for 2.5 s with approximately 90% humidity and plunge-frozen in liquid ethane using a Cryoplunge 3 System (Gatan). Cryo-EM data were collected at liquid nitrogen temperature on a Polara electron microscope (FEI), operated at 300 kV and equipped with a K2 Summit direct electron detector (Gatan). All cryo-EM movies were recorded in super-resolution counting mode using the semi-automated data collection program UCSFImage4 52 . Specifically, images were acquired at a nominal magnification of 31,000× , corresponding to a calibrated pixel size of 1.23 Å on the specimen level and 0.615 Å for superresolution images. The dose rate was set to be 8.2 counts (corresponding to 9.9 electrons) per physical pixel per second. The total exposure time of each movie was 7.2 s, leading to a total accumulated dose of 47 electrons per Å 2 , fractionated into 36 frames (200 ms per frame). Movies were recorded with an underfocus ranging from 1.2 to 3.0 μ m. EM image processing. The EM data were processed as previously described with minor modifications 50 . Negative-stain EM images were binned over 2 × 2 pixels for further processing, yielding a pixel size of 3.36 Å. Dose-fractionated super-resolution movies collected using the K2 Summit direct electron detector were binned over 2 × 2 pixels, yielding a pixel size of 1.23 Å, and then subjected to motion correction using the program MotionCor2 53 . A sum of all 36 frames of each image stack was calculated following a dose-weighting scheme, and used for all image-processing steps except for defocus determination. The program CTFFIND3 54 was used to calculate defocus values of the summed images from all movie frames without dose weighting. Particle picking was performed using a semi-automated procedure 50 . 2D classification of selected particle images were carried out either by 'samclasscas.py' , which uses SPIDER operations to run ten cycles of correspondence analysis, K-means classification and multi-reference alignment, or by RELION 2D classification 55, 56 . Initial 3D models were generated with 2D class averages by SPIDER 3D projection matching refinement (samrefine.py), starting from a cylindrical density mimicking the general shape and size of nanodisc-embedded MsbA. 3D classification and refinement were carried out in RELION. The masked 3D classification focusing on the TMDs with residual signal subtraction was done following a previously described procedure 57 . The orientation parameters of the homogenous set of particle images in the selected 3D classes were iteratively refined to yield higher resolution maps using the 'auto-refine' procedure. All 3D classification and refinement steps were carried out without applying symmetry, except for the 'auto-refine' step used for vanadate-trapped MsbA, in which case C2 symmetry was applied. All refinements followed the gold-standard procedure, in which two half datasets are refined independently. The overall resolutions were estimated based on the gold-standard Fourier shell correlation (FSC) = 0.143 criterion. Local resolution variations were estimated from the two half data maps using ResMap 58 . The amplitude information of the final maps was corrected by applying a negative B-factor using the program bfactor.exe 59 . The number of particles in each dataset and other details related to data processing are summarized in Extended Data Table 1 .
Model building and refinement. The crystal structures of nucleotide-free MsbA (PDB IDs: 3B5W and 3B5X) were not used as templates for our model building owing to their relatively low resolutions (> 5 Å). Our initial model of nucleotide-free MsbA in the inward-facing conformation was generated based on the crystal structure of TM287/288 60 (PDB ID: 3QF4, chain B, 35% identity and 57% similarity with the E. coli MsbA sequence) using the SWISS MODEL server 61 , and then fitted into the cryo-EM map in UCSF Chimera 62 . The model with side chains was manually adjusted in Coot 63 and refined in phenix.real_space_refine 64 with secondary structure restraints enabled. 206 residues in the TMDs of MsbA with well-defined side-chain densities were kept in the final model, including 108 residues in chain A and 98 residues in chain B, while all other residues were mutated to alanine with CHAINSAW. The LPS model from the crystal structure of the TLR4-MD-2-LPS complex 32 (PDB ID: 3FXI) was fitted into the EM density in Chimera, and then manually refined in Coot with restrains generated by the PRODRG sever 65 . The EM densities are too short to accommodate the full length of the acyl chains of LPS, perhaps due to flexibility in their distal ends. In the final model, the number of carbon atoms modelled for the acyl chains are: 9 in R2, 14 in R3, 5 in R2′ , 7 in R2″ , 6 in R3′ and 5 in R3″ . The strong EM densities inside the MsbA cavity define the positions of two phosphorylated glucosamine rings and the inner core. The clear connection of the inner core to the 5′ position of the glucosamine backbone allowed for unambiguous assignment of the positions of the 1-and 4′ -phosphate groups and the LPS orientation parallel to the membrane plane. Owing to the limited resolution of the map and the potential compositional heterogeneity of the co-purified LPS, the precise positions of individual atoms in LPS could not be determined.
Since our vanadate-trapped MsbA adopts a closed conformation, the crystal structure of MsbA with ADP-vanadate (PDB ID: 3B60), which shows an outward-facing conformation, was not used as template for model building. Instead, we used MODELLER to create a model of our vanadate-trapped MsbA based on the crystal structure of McjD (PDB ID: 4PL0) and fitted it into the cryo-EM map. After one round of refinement using phenix.real_space_refine with secondary structure restraints enabled, this initial model, which contained side chains, was further improved by several rounds of manual adjustment in Coot and refinement using phenix.real_space_refine. The final poly-alanine model was generated by removing all side chains with CHAINSAW.
Figures and the movie were prepared using UCSF Chimera
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For all figures and tables that use statistical methods, confirm that the following items are present in relevant figure legends (or in the Methods section if additional space is needed).
n/a Confirmed
The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement (animals, litters, cultures, etc.)
A description of how samples were collected, noting whether measurements were taken from distinct samples or whether the same sample was measured repeatedly A statement indicating how many times each experiment was replicated
The statistical test(s) used and whether they are one-or two-sided (note: only common tests should be described solely by name; more complex techniques should be described in the Methods section)
A description of any assumptions or corrections, such as an adjustment for multiple comparisons
The test results (e.g. P values) given as exact values whenever possible and with confidence intervals noted A clear description of statistics including central tendency (e.g. median, mean) and variation (e.g. standard deviation, interquartile range)
Clearly defined error bars
See the web collection on statistics for biologists for further resources and guidance.
